Photo-induced size changes in microgel particles loaded with gold nanoparticles (AuNPs) were investigated with an extended multi-angle dynamic light scattering (DLS) setup. The DLS setup was equipped with a conventional laser (λ=633 nm) to determine the microgel particle size. Additionally, a laser (λ=532 nm) is installed to study the photo-responsive behavior of the AuNP microgel hybrids. The wavelength of 532 nm is close to the absorption maximum of the plasmon resonance of the AuNPs used in the present study (i.e. spherical AuNPs with a diameter of 14 nm). The extended 1 DLS setup enables to follow in-situ the change in microgel size during irradiation. The light stimulus is directly correlated with size changes of the hybrid particles and the photo-thermal effect depends on the intensity of the excitation laser. The increase in excitation laser intensity results in a size reduction of hybrid particles due to the ability of AuNPs to partially transform the absorbed photon energy into heat which is emitted into the surrounding microgel network.
Introduction
The ability of photo-responsive polymers to react to light of certain wavelength and change their physical properties very locally is of particular importance in various applications like optical sensors, 1 photo-patterning, 2 drug delivery 3 or cancer treatment. 4 Photo-responsive polymers often consist of a polymeric matrix combined with a light-sensitive unit creating hybrid particles. The light stimulus triggers a response of the photo-sensitive compound resulting in a reaction of the polymer matrix. Often, dyes 5 or metal nanoparticles such as silver 6 or gold nanoparticles 7 are used as photo-sensitive compounds. Upon irradiation by light with the wavelength of the plasmon absorption the nanoparticle or dye emits heat. If the metal nanoparticles are embedded within a temperature sensitive polymer particle, it can change its size. That means, radiation energy can be transferred to mechanical energy.
A popular matrix material for thermoresponsive polymers is poly(N-isopropylacrylamide) (PNIPAM). PNIPAM microgels belong to the class of so-called smart materials since they show a volume phase transition (VPT) induced by external stimuli. Depending on the type of additive (comonomer or nanoparticles) the stimulus can be pH, [8] [9] [10] ionic strength, 11, 12 solvent, 13 magnetic field, 14 temperature 15 or light. 16 Due to the lower critical solution temperature (LCST) of the monomer NIPAM in water at around 32 • C, PNIPAM undergoes a VPT at the same temperature. 15 The VPT is characterized by a rapid and reversible change in the microgel volume.
Photo-responsive hybrid materials, which consist of a photo-sensitive unit emitting heat upon light irradiation causing a reaction in the thermoresponsive microgel, exhibit the so-called photo-thermal effect.
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The incorporation of photo-sensitive units into the polymer matrix can be accomplished via various approaches such as the covalent bonding of a dye molecule to the polymer. 5 Metal nanoparticles can be either synthesized or grown within the polymer network, 18 or prepared separately and later incorporated into the network.
19
In order to quantify the photo-thermal effect, it is necessary to determine the change in the physical properties of the hybrid materials upon irradiation. Nayak et al. studied PNIPAM microgels with covalently conjugated malachite green, which is a dye that dissipates heat upon irradiation. 5 The turbidity of the microgel-dye hybrid suspension was followed while increasing the temperature and compared to the decrease in transmittance upon laser irradiation. The VPT temperature was found to be 31
• C for the dye-microgel hybrid. When preheated to 29
• C, the reduction in transmittance upon irradiation was similar to the transmittance drop when heated to about 32
• C. The change in volume of P(NIPAM-MA) microgel particles loaded with gold nanorods (AuNRs) depending on the laser power was studied by
Das et al. 20 The photo-thermally triggered size changes of the microgels with and without
AuNRs were studied at a single detection angle using a PCS setup, which was extended by an excitation laser. The hybrid suspension was preheated to 36
• C prior to irradiation, which is close to the VPT temperature of P(NIPAM-MA), that is 38 In order to study the impact of photo-thermal heating, one has to assess the photo-thermal effect at room temperature. The overall goal is to induce the volume phase transition via photo-thermal heating.
In this work, spherical AuNPs are incorporated into PNIPAM microgels and the photothermal effect is investigated using an extended DLS setup, where the particle size is determined by HeNe laser irradiation (633 nm) and the additional Sapphire SF 532 laser (532 nm)
is used to irradiate the AuNPs in the surface plasmon resonance (SPR) wavelength range.
The additional laser (532 nm) combines the advantages of a suitable wavelength to excite the AuNPs and the low absorbance of light by the pure microgel ( figure 3(a) ). The two-laser DLS setup offers new optitions to study the hybrid particles at various temperatures, scattering angles and excitation laser intensities. In the case of monodisperse spherical matrix particles in the size range from a few nanometer to several hundreds of nanometer, DLS is a powerful tool to assess the size and its changes upon external stimuli like temperature, whereas in the dispersion of two different scatterers (AuNPs and microgels) not only a purely translational diffusion is probed. For quantitative analysis, a multi-angle DLS setup is required.
Material and Methods

Materials
All materials were used without further purification. For the microgel synthesis, the following chamicals were used: the monomer N-isopropylacrylamide (NIPAM) from Sigma-Aldrich (Germany, purity 99%), cross-linker N,N'-methylenebisacrylamide (BIS) from Fluka (Germany, purity 99.5%) and the initiator 2,2'-azobis(2-methylpropionamidine) dihydrochloride (AAPH) from Sigma-Adrich (Germany, purity 97%). For the synthesis of the gold nanoparti-cles, sodium citrate dihydrate (purity ≥99%, Fluka, Germany) and gold(III) chloride hydrate (HAuCL 4 , purity ≥49%, Fluka, Germany) were used. A three-stage Millipore Milli-Q Plus 185 purification system was used for water purification.
Synthesis of PNIPAM microgel particles
Microgel particles with a cross-linker concentration of 1.25 mol% were synthesized by a surfactant-free precipitation polymerization as described elsewhere. 15 NIPAM (110 mM) and BIS (1.4 mM) were dissolved in 100 mL of water in a batch reactor equipped with an overhead stirrer. After heating up the solution to 80
• C and degassing for 30 min, the polymerization was initiated with the addition of 80 mM AAPH dissolved in 1 mL water.
After 1.5 hours of reaction, the temperature was quickly decreased to room temperature and the crude microgel particles were purified by dialysing for two weeks against water with daily water exchange. Finally, the microgel was freeze-dried at -85 • C and 10 −3 bar for 72 hours.
The PNIPAM microgel particles were found to have a hydrodynamic radius of 298±3 nm at 20
• C, which was determined from DLS measurements (LS Spectrometer, LS Instruments AG, Fribourg, Switzerland).
Synthesis of AuNPs
The AuNPs were synthesized according to the method described by Enüstün and Turkevich. 23 All glassware was cleaned by aqua regia before the synthesis. 
According to that calculation, the aforementioned synthesis led to an AuNP concentration of
The AuNP suspension was used to prepare the hybrid particles without any further treatment.
Loading PNIPAM microgel particles with AuNPs
In order to prevent aggregation of AuNP within the microgel particles, the AuNP suspension was added to the microgel solution. The PNIPAM microgel solution (0.5 mg mL 
Radial distribution
For the analysis of the radial 3D distributions of AuNPs within the microgels, the center and radius of each microgel was determined in TEM images using custom Matlab routines. The individual AuNPs inside one microgel were localized and the radial distance from the AuNPs to the microgel center was determined. To eliminate the influence of microgel size polydispersity on the distribution analysis, the radial distance was normalized to the corresponding microgel radius. To gain sufficient statistics, the 2D radial distance distributions for 103 microgels were obtained (figure 4(c)) and further analyzed by the software SoMaCoFit 
Dynamic light scattering setup
The photo-thermally induced size change of the hybrid particles was measured in the DLS mode of a LS Spectrometer (LS Instruments AG, Fribourg, Switzerland) with a HeNe laser at 633 nm (laser 1). Laser 1 is focused by a lens into the cuvette placed in a temperaturecontrolled refractive index matching bath filled with decaline and the scattered light detected by an avalanche photodiode detector mounted on a goniometer arm. A second laser (laser 2, Sapphire SF 532, Coherent Inc., Santa Clara, USA) was installed in the conventional setup and focused into the cuvette. Laser 2 is used for photo-thermal heating the hybrid particles and has a wavelength of 532 nm in order to match the plasmon resonance absorption wavelength of the hybrid particles, which exhibits its maximum at around 525 nm at 20
• C as determined by UV-vis measurements ( figure 3(a) ). Whereas the laser 1 used to determine the size of the microgel particles has a wavelength far from the SPR peak of the AuNPs ( figure 3(a) ). The foci of the excitation laser 2 at 532 nm and of the detection beam at 633 nm overlap in the scattering volume. • C plotted against the scattering vector (q).
Results and Discussion
The modified DLS setup enables to perform the temperature dependent and photo-thermal measurements in a single setup, hence without changes of sample environment, sample solution or the cuvette of the samples solutions. First, the measurements at laser 2 intensity variation and secondly, temperature dependent experiments were conducted.
The temperature dependent measurements demonstrate the thermoresponsive behavior of the pure microgel particles and show that the thermoresponsivity is preserved inside the AuNP loaded microgel particles (figure 3b). In order to follow the photo-thermally induced volume changes of the AuNP-microgel hybrids, a solution of them was kept at 20
• C in the refractive index matching bath and the intensity of laser 2 was set to 0.3, 1.0, 2.1 and 3.2 W/mm 2 . At each value of the laser 2 intensity, the hybrid solution was irradiated for 5 min before the DLS measurement started.
During the detection of the scattered light of laser 1, the laser 2 continuously illuminated the sample. Due to the experimental conditions, all changes in the average hydrodynamic radius of the hybrid particles were attributed to the heat emission at AuNP surface upon laser irradiation.
The pure microgel particles show no response to laser 2 and have a constant hydrodynamic radius throughout the experiments ( figure 5(a) ). The microgel particles loaded with AuNPs respond to the irradiation by laser 2 resulting in a decrease of the hydrodynamic radius. With increasing intensity of laser 2, the hydrodynamic radius of the hybrids decreases by 17.5% of their initial radius at zero illumination, which would give a volume reduction to 56%. The hydrodynamic radius does not change significantly upon increasing the intensity of laser 2 over 2.1 W/mm 2 indicating a lower limit in shrinkage upon laser irradiation. In order to verify the reversibility of the size change of the hybrid particle, multiple consecutive cycles of laser 2 on-and off-events were performed as shown in figure 5(b) . The hydrodynamic radius of the hybrids decreases to at least 86% of the initial radius and the hybrid particles reswell after switching off laser 2. The repetition of on-and off-laser cycles illustrates the reversible behavior of the hybrid microgels upon the laser irradiation. It points on the ability of the hybrid particles to swell and collapse to their respective relative hydrodynamic radii without showing a hysteresis in the response to the stimulus ( figure 5(b) ). • C as a function of the laser 2 intensity. The particle sizes were normalized to their value at zero illumination. (b) The hydrodynamic radii of the hybrid particles during repeating on/off cycles of laser 2 irradiation starting with an off-event. The hydrodynamic radius is normalized to the radius of the hybrid particle at the beginning of the measurements at at zero illumination. The laser 2 intensity was 2.1 W/mm 2 at the on-events. (c) The apparent temperature as a function of the laser 2 intensity.
The discrepancy between the minimum radius of 37% of their original radius (i.e. 5% in volume (V rel,collapse )) by external heating and the minimum radius of 83% (i.e. 56% in volume (V rel,total )) by irradiation with the laser 2 might be caused by the inhomogeneous distribution of the AuNPs within the microgel particles. The incorporation in the microgel shell and the short-range heat emission of the AuNPs upon irradiation might cause a collapse only of the shell of the microgel particles and leave the microgel core swollen. This effect would be even more pronounced for gold nanorod-microgel hybrid particles since the AuNRs only cover the microgel particle surface but are not incorporate into the internal volume of the microgels.
29,30
The short-range heat emission was calculated to reach only a few tens of nanometer in the surrounding medium. 
, the total volume of the hybrid particle (V rel,total ) can be expressed as follows:
With the assumptions of the total collapse of the shell, the swollen core and the AuNPs being mainly in shell, the volume of the shell can be calculated to be 46% of the total volume of the hybrid particle (φ = 0.46, equation (3), figure 6 ), which would give a penetration depth of 58 nm. f 1-f Figure 6 : Sketch of the radial distribution of AuNPs within the microgel particle according to the calculation of the shell size.
The result of equation (3) would lead to a hybrid radius fraction of the shell of approxi-mately 20%, which is supported by the radial 3D distribution ( figure 4(d) ) considering the flattening and stretching of the hybrid particles upon TEM sample preparation. 19 The heterogeneous distribution of AuNPs within the microgel particle is influenced by the variation of cross-linker density within the microgel particles. The study of the consumption of the cross-linker and the monomer throughout the polymerization indicated a highly cross-linked microgel core and a shell with less cross-linker, 33,34 which was also shown by small angle neutron scattering experiments 35 and atomic force microscopy measurements. Nevertheless, the question rises why no stronger heating effect to temperatures beyond the VPT temperature could be observed. Steric hindrance caused by embedded AuNPs can be excluded since temperature depending DLS experiments have shown that above the VPT temperature the hybrid particles collapse to a size similar to the microgel particles without
AuNP. The maximum increase in T app is explained by the heterogeneous spatial distribution of the AuNPs within the microgels ( figure 4(d) ). Furthermore, keeping in mind the distribution of AuNPs in the hybrid particles, the T app ( figure 5(c) ) does not reflect the temperature rise due to the heat emission of the AuNPs since the T app was averaged over the whole microgel particle and therefore did not take the internal distribution of AuNPs in the hybrid particles into account.
Conclusion
The multi-angle DLS setup was extended by coupling an additional laser (laser 2) for photo- within the microgels as well as the averaging of the size reduction and therefore of T app over the whole hybrid particle led to an underestimation of the temperature reached close to the irradiated AuNPs. However, irradiation cycles (laser 2 on-off) of the hybrid particles showed that the reversibility in the response of the hybrid particle to a stimulus is preserved from the microgel particles without AuNPs.
In order to increase the penetration depth of the AuNPs into the microgel network, homogeneously cross-linked microgels or microgels with functional groups, which interact strongly with the AuNPs might be used. This will give an option to create hybrid particles able to fully collapse upon irradiation. Furthermore, the extended DLS setup allows to study the size change or destruction of vesicles, microgels or other hybrid systems which have an integrated light-sensitive unit. A wide range of irradiation wavelengths could be adapted to offer a deep investigation of hybrid systems consisting of light-sensitive compounds other than AuNPs, e.g. silver nanoparticles, gold nanorods, and others.
